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ABSTRACT
It is now well-established that most (if not all) ancient globular clusters host multiple popula-
tions, that are characterised by distinct chemical features such as helium abundance variations
along with N-C and Na-O anti-correlations, at fixed [Fe/H]. These very distinct chemical fea-
tures are similar to what is found in the centres of the massive early-type galaxies and may
influence measurements of the global properties of the galaxies. Additionally, recent results
have suggested that M/L variations found in the centres of massive early-type galaxies might
be due to a bottom-heavy stellar initial mass function. We present an analysis of the effects of
globular cluster-like multiple populations on the integrated properties of early-type galaxies.
In particular, we focus on spectral features in the integrated optical spectrum and the global
mass-to-light ratio that have been used to infer variations in the stellar initial mass function.
To achieve this we develop appropriate stellar population synthesis models and take into ac-
count, for the first time, an initial-final mass relation which takes into consideration a varying
He abundance. We conclude that while the multiple populations may be present in massive
early-type galaxies, they are likely not responsible for the observed variations in the mass-
to-light ratio and IMF sensitive line strengths. Finally, we estimate the fraction of stars with
multiple populations chemistry that come from disrupted globular clusters within massive el-
lipticals and find that they may explain some of the observed chemical patterns in the centres
of these galaxies.
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1 INTRODUCTION
Massive early-type galaxies (ETGs) have long been known to show
non-solar abundance patterns (e.g. Worthey et al. 1992; Trager et al.
2000; Gallazzi et al. 2006) with the observed increase in [α/Fe]
with galaxy mass being interpreted as an inverse relationship be-
tween mass and star formation time scale (e.g. Matteucci 1994;
Thomas et al. 2005). More recent works (e.g. Graves & Schiavon
2008; Johansson et al. 2012; Conroy et al. 2014; Worthey et al.
2014) have allowed the abundances of a range of elements to be
measured from integrated galaxy light and shown that the abun-
dances of elements such as C, N and Na also increase with galaxy
mass.
However, several lines of evidence show that the stellar pop-
ulations of massive ETGs are not as simple as expected for pop-
ulations that formed in a relatively short burst. Many ETGs show
brighter far UV-luminosities than would be expected for an old,
metal rich stellar population (e.g. Code & Welch 1979; Burstein
et al. 1988; Greggio & Renzini 1990; Dorman et al. 1995; Brown
et al. 1997; O’Connell 1999; Brown et al. 2000; Yi et al. 2011). The
colours of this ‘UV-upturn’ are correlated to the stellar mass-to-
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light ratio (M/L) and mass of the host galaxy (Burstein et al. 1988;
Greggio & Renzini 1990; O’Connell 1999; Donas et al. 2007; Da-
lessandro et al. 2012; Zaritsky et al. 2015). Recent works have also
shown interesting radial abundance gradients in the centres of at
least some ETGs. van Dokkum et al. (2017) found strong positive
[O/Fe] and negative [Na/Fe] radial gradients but no or weak age or
heavier [α/Fe] gradients in 6 ETGs while Sarzi et al. (2017) found
a strong negative [Na/Fe] gradient in the centre of M87, in addi-
tion to the reported IMF variations. These abundance trends do not
appear to be the result of a classical galactic chemical enrichment,
such as α-enhancement (see e.g. van Dokkum et al. 2017). Thus the
origin of these gradients is still uncertain (Schiavon 2007).
Cappellari et al. (2012) found that M/L strongly varies in the r-
band among ETGs and is correlated to the galaxy’s velocity disper-
sion. They interpreted this as an IMF variation towards a bottom-
heavy distribution (low-mass dwarf stars) for the most massive
ETGs (those with the highest velocity dispersion). Evidence for a
bottom heavy IMF in the centre of galaxies also comes from de-
tailed studies of the spectra of massive ETGs (e.g., van Dokkum
& Conroy 2010; Conroy & van Dokkum 2012b; La Barbera et al.
2017) where absorption lines distinctive of dwarf stars are stronger
and absorption lines indicative of giant stars are weaker than in stel-
lar population synthesis models with Milky Way-like IMFs. Inter-
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pretation of these observations of IMF sensitive spectral features is
complicated by their (strong) dependence on chemical abundance
(e.g., Conroy & van Dokkum 2012a) in massive ETGs.
Meanwhile, thanks to advances in instrumentation including
multiplexed high resolution spectrographs and high resolution op-
tical and ultraviolet imaging from space, ground breaking observa-
tions have shaken the long-standing paradigm of globular clusters
(GCs) being composed of a simple stellar population (e.g., Catelan
et al. 2010; Gratton et al. 2012; Charbonnel 2016). Photometric ob-
servations highlight a large variety of features in colour-magnitude
diagrams not consistent with simple stellar populations (see e.g.,
Piotto 2009; Milone et al. 2017) while spectroscopic studies pro-
vide conspicuous evidence of significant star-to-star variations of
the light elements abundances. It appears that there are (at least)
two main stellar populations within GCs, the first (1P) consists of
stars that show the same chemical abundance patterns as field stars
(at a given [Fe/H]). The second population (2P) shows distinct pat-
terns, namely enhanced He, N, Na, and Al accompanied by deple-
tion of C, O and sometimes Mg (e.g. Gratton et al. 2012). These
abundance anomalies have been found in (nearly) all of the ancient
GCs studied to date, including extremely metal poor and metal rich
(near solar) GCs in the Milky Way and nearby galaxies (e.g. Bas-
tian & Lardo 2017).
GCs are mainly composed of a monometallic (i.e., they lack
spreads in heavy elements such as Fe and Ca) and a coeval popula-
tion of stars, therefore these abundance variations are not expected
to be the results of standard stellar or galactic chemical evolution.
These observed chemical features are rather thought to be the direct
signatures of hydrogen-burning at high temperature, a process that
is not at work in main sequence low-mass stars displaying these pe-
culiar chemical patterns (Denisenkov & Denisenkova 1990). How-
ever, the origin of the abundance variations, or even if they are
limited to globular clusters, is currently unknown (see the recent
review by Bastian & Lardo 2017). We note that MPs are observed
in massive star clusters as young as 2 Gyr (Martocchia et al. 2018)
and in GCs with near solar metallicities (Tang et al. 2017; Schiavon
et al. 2017b) showing that MP requires neither special conditions
in the early universe nor low metallicities.
There are recent hints that the presence of MPs may not be a
phenomenon restricted to GCs. For instance, a small fraction (∼ 2
%) of field stars in the halo and the inner Galaxy bear chemical fea-
tures typical of these MPs. (Spiesman 1992; Carretta et al. 2010;
Martell & Grebel 2010; Ramírez et al. 2012; Martell et al. 2016;
Schiavon et al. 2017a). At galactic scales, Strader et al. (2013)
found an ultra-compact dwarf thought to be the stripped core of
a galaxy enhanced in N and Na that could indicate the presence
of similar self-enrichment to what is present in GCs. The chemical
composition of MPs, especially the He-enhancement, has a great
impact on their stellar evolution. Thus the presence of these He
rich stars has important effects on the observed properties of GCs
(e.g., D’Antona et al. 2010; Cassisi et al. 2014; Chantereau et al.
2016; Charbonnel & Chantereau 2016; Tailo et al. 2016), hence
it is timely to developed studies on their effects on galactic scales
with appropriate stellar population synthesis models.
The peculiar chemical features observed in massive ETGs at a
given age and metallicity (Na and N enhancement, Schiavon 2007;
Conroy et al. 2014; van Dokkum et al. 2017, and O-depletion to
a certain extent, van Dokkum et al. 2017) are reminiscent of the
MP chemical patterns found in GCs. Parallels can also be drawn
between the UV-upturn in ETGs and the bright UV luminosities
of GCs with hot horizontal branches due to He enhanced stars. In
addition, at a given age and metallicity, He rich stars of MPs are
less massive, have different luminosities, and display larger final
masses than their He normal counterpart. Thus, we might expect
the He rich population to have a different M/L than the chemically
‘normal’ population. It would then be interesting to investigate the
integrated properties of MPs, and investigate if He rich stars of GCs
would be a viable alternative explanation for the observed M/L and
spectral index variations between galaxies.
As the origin of the multiple population phenomenon is cur-
rently unknown there are two possible mechanisms for which they
might appear in massive early-type galaxies. The first is that the
chemically peculiar stars are formed in globular clusters which are
subsequently disrupted due to the tidal field of the host galaxy. The
second is that multiple populations are not limited to globular clus-
ters and can form within galaxies under specific conditions (i.e.
high stellar densities or pressures). In the present work we explore
the former option. We note that massive early-type galaxies posses
populous GC systems (e.g. Harris et al. 2013) and that their GC sys-
tems display broad metallicity distributions with substantial num-
bers of GCs at solar and higher metallicity (e.g. Peng et al. 2006;
Usher et al. 2012). Note also that our current understanding of star
formation indicates that intense star formation (high metallicity)
is accompanied by the formation of GCs (Kruijssen 2015; Pfeffer
et al. 2017).
The goals of this paper are twofold. First, we explore the ex-
tent to which disrupted GCs are expected to contribute to the stellar
populations of massive ETGs. For this we exploit recent advances
in our understanding of star/cluster formation within galaxies as
well as how the stellar population properties (i.e. the extent of MPs
within them) depend on the cluster properties (i.e. mass). Secondly,
we explore the effects of the peculiar abundance pattern of MPs (i.e.
enhanced He, N, Na, Al and depleted C and O) on the integrated
properties of the populations, focusing on the M/L ratio, UV flux
and spectral indices. To do this we create tailored integrated light
stellar population models with MPs and compare them to both other
models in the literature as well as to selected observations of ETGs.
The underlying question motivating the current work is to what ex-
tent can the observed MP phenomenon explain the observed fea-
tures of massive ETGs?
This paper is organised as follows. In Section 2 we investi-
gate the fraction of second population stars from GCs that might
contribute to the peculiar abundance patterns observed in the core
of ETGs. Then in Section 3, we present the initial-final mass re-
lations and the stellar population synthesis models adapted to the
MPs framework. In Section 4 we investigate the effects of the typ-
ical initial chemical compositions of MPs, initial mass functions
and ages on the resulting M/L. We present the effects of MPs on the
spectral indices in Section 5 and we investigate their effect in the
central regions of ETGs (Section 6). We finally discuss and sum-
marise the results in Sections 7 and 8 respectively.
2 CONTRIBUTION TO THE FIELD OF DISRUPTED
GLOBULAR CLUSTERS
We do not know if MPs can form directly within ETGs as their
formation mechanism within GCs (and elsewhere) is currently un-
known. However, disrupting GCs are expected to contribute heav-
ily to the stellar populations in the central regions of ETGs since
intense star formation leads to the formation of large numbers of
massive star clusters (e.g., Whitmore et al. 1999; Bastian 2008;
Kruijssen 2014) and since the tidal fields in the centres of mas-
MNRAS 000, 1–14 (2018)
Exploring MPs Effect on Stellar IMF Estimates 3
sive galaxies effectively disrupt star clusters (e.g., Goudfrooij et al.
2004; Pfeffer et al. 2017). In this section we estimate the contribu-
tion of disrupted GCs to the field of the core of ETGs. The basic
question that we hope to address later in the paper with this toy
model is whether disrupted GCs could potentially be the origin of
the ‘anomalous chemistry’ seen in ETGs.
For the initial estimate we assume that all formed GCs in the
ETGs core have been disrupted, which agrees with the depressed
numbers of GCs seen projected near the centres of ETGs relative
to the outer regions of ETGs (e.g., McLaughlin 1999; Forbes et al.
2006; Peng et al. 2008). For the GC mass function, we adopt a
power-law with index of −2 and an upper limit of 108 M, com-
parable to the most massive observed young massive clusters (e.g.,
Maraston et al. 2004; Bastian et al. 2006). While there is evidence
for an environmentally dependent upper mass truncations (e.g.,
Gieles et al. 2006; Larsen 2009; Bastian et al. 2012; Johnson et al.
2017), we expect a high upper limit in the extreme high pressure
environments in the inner regions of ETGs and do not expect much
variations from galaxy to galaxy. Similarly, we expect the cluster
formation efficiency (Γ) to be relatively high in such high pressure
environments (e.g., Kruijssen 2015; Pfeffer et al. 2017), between
0.5 and 1, meaning that half to all stars form in clusters. Though
in our toy model we assume all stars have the same age and metal-
licity, we would expect the age and metallicity distribution of stars
that formed in GCs in the centres of ETGs to mirror that of field
stars.
Recent surveys have found that the fraction of second popu-
lation stars (enriched stars, Fenriched) with GCs increases with in-
creasing cluster mass ranging from ∼ 50% at 105 M to near 85%
at 106 M (Milone et al. 2017). We use these measurements and
an initial-current GC mass relationship (Fig. 7, Kruijssen 2015)
to derive a linear relation (in logarithmic mass) between initial
cluster mass and enriched fraction between a faction of zero at
1.7× 105 M and one at 3.2× 106 M. Below an initial mass of
1.7× 105 M we set the fraction to 0; above 3.2× 106 M to 1.
Note that unlike some MP formation scenarios we do not adopt ex-
treme mass loss of the young GCs, i.e. that they were 10-30× more
massive than at present.
Adopting a lower cluster mass limit of 102 M, the fraction
of enriched stars in the central regions of ETGs is then given by:
FETG,enriched =
Γ
Mtotal
×
∫ 108
102
M−2 ×Fenriched(M)dM (1)
Adopting Γ = 0.75 and the Milone et al. (2017) relation for the
relation between the fraction of enriched stars and the initial clus-
ter mass results in an estimate of FETG,enriched = 0.35, i.e. a third
of the stars in the central regions of ETGs are expected to show the
anomalous chemistry observed in GCs. However, not only does the
enriched fraction varies with cluster mass, the degree of enrichment
is also a function of cluster mass, with higher mass clusters hosting
larger spreads in He, Na and N (Carretta et al. 2010; Schiavon et al.
2013; Milone 2015; Milone et al. 2017). In the majority of GCs,
however, most of the stars do not display the extreme abundances.
If we use NGC 2808 as a test case, ∼ 13% of the stars in this clus-
ter belong to the extreme population, i.e. that with the largest He
variations (∆Y = 0.15)1, and a further 15% of the stars are mildly
1 We use the He content as a discriminant between the multiple populations
as it is the element which has the largest impact on the evolution of these
stellar populations.
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Figure 1. Cumulative fraction of helium spread (∆Y) for our ETG model.
The fraction is based on the relation between GC luminosity and He spread
of Milone (2015) and the assumption that 13% of the stars have the max-
imum ∆Y , 15% have half the maximum ∆Y and the rest having ∆Y = 0
together with the cluster mass function in Equation 1.
enriched (∆Y = 0.07) with the rest not showing an appreciable vari-
ation in He. To estimate the possible He spread in ETGs due to
disrupted clusters we use the relation of Milone (2015) between
cluster mass and the maximum He spread ( fmax,∆Y) and then dis-
tribute the stars in a similar way as in NGC 2808 with 13% having
the maximum ∆Y , 15% half the maximum ∆Y and the rest having
∆Y = 0.
The resulting distribution of ∆Y is shown in Figure 1. For the
given set of assumptions, we find that 93% of the stars of the galaxy
would be expected to have ∆Y < 0.01 and 95% of the stars have
∆Y < 0.07. However, there is a relatively extended tail with 5% of
the stars having ∆Y > 0.1. We note that our calculations are sensi-
tive to the maximum initial GC mass, the initial-current GC mass
relationship, and the assumption that present day fraction of second
population stars is the same as at formation.
In summary, we find that disrupted GCs may contribute a sub-
stantial amount (∼ 35%) of stars with second population chemistry
(enriched in N and Na while depleted in C and O) to the field popu-
lation in the centres of ETGs. Disrupted GCs also contribute a small
but significant fraction (∼ 5 %) of strongly He enhanced stars.
3 STELLAR POPULATION SYNTHESIS MODELS
In this section we describe the stellar population synthesis models
and initial-final mass relations used in this work. We emphasise that
our models are intended to study the qualitative effects of He en-
hancement and of the CNONa abundance patterns present in GCs
and are not constructed to fully reproduce the observed spectral en-
ergy distributions of GCs or galaxies. In the Appendix we compare
our models to those of Conroy & van Dokkum (2012a) as well as
observed spectra of metal rich GCs in the Milky Way and find qual-
itative agreement. We calculated stellar population synthesis mod-
els for a solar He content (Yini = 0.26, also referred as He normal
content at Z) and for an enhanced He content (Yini = 0.4) at solar
metallicity and an age of 12.6 Gyr (typical ETG age and metal-
licity, e.g., Gallazzi et al. 2005; Conroy & van Dokkum 2012b;
MNRAS 000, 1–14 (2018)
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Conroy et al. 2014). We kept the metallicity mass fraction constant
(Z = 0.0134, Asplund et al. 2009) between the solar He and He
rich models as observed in most GCs. For both normal and He rich
abundances we calculate models with a scaled solar composition
and with a chemical composition typical of the second population
GC stars ([C/Fe] = [O/Fe] = −0.6, [N/Fe] = +1.0, [Na/Fe] = +1.0).
This abundance pattern was made to reproduce observed GC abun-
dances due to multiple populations (e.g., Carretta et al. 2009a) with
the constraint that the C+N+O and Ne+Na abundances are kept
constant (as observed in most GCs, e.g., Brown et al. 1991; Dick-
ens et al. 1991; Norris & Da Costa 1995; Smith et al. 1996; Ivans
et al. 1999; Cohen & Meléndez 2005; Yong et al. 2015).
We follow Conroy & van Dokkum (2012a) and used the 2012
version of the Dotter et al. (2007) isochrones for the main se-
quence (MS) through to the tip of the red giant branch (RGB). For
post RGB evolution we used the Bertelli et al. (2008) isochrones
matched in age, helium content and metallicity to the Dotter et al.
(2007) models. However, the models from the two database do not
predict the same initial mass at the tip of the RGB. To prevent
a discontinuity in the initial masses of the combined isochrones,
we subtract the difference (∼ 0.01 M) from the initial masses of
Bertelli et al. (2008) isochrones to match the Dotter et al. (2007)
isochrones (as done in Conroy & van Dokkum 2012a). Our choice
of isochones was dictated by the need to vary He and to have the
models extend to low stellar masses. For each isochrone we se-
lected semi-uniformly ∼ 100 points in log(L)-log(Te f f ) space cov-
ering all stages of stellar evolution from the lowest mass MS star
to the end of the AGB phase. We selected more points from evolu-
tionary phases such as the main sequence turn-off (MSTO) where
there are sharp variations in the log(L)-log(Te f f ) space. We refined
our selection such that no point contributes more than 2% to the
integrated light assuming a Kroupa (2001) IMF. We used the same
isochones for the N, Na enhanced, C, O depleted and solar He mod-
els (referred as CNONa models hereafter, see Table 1) as for the
solar composition models since stellar evolution is not affected by
abundance variations of C, N, O and Na if the C+N+O abundance
is kept constant at fixed metallicity (as shown in Salaris et al. 2006;
Coelho et al. 2011; Sbordone et al. 2011).
3.1 Initial-final mass relations
We investigate in this section the initial-final mass relation for our
He normal and He rich models (cf. isochrones in Fig. 2). As pre-
viously discussed, the inclusion of the other abundance variations
(such as C, N, O, Na) in our case does not influence the stellar
evolution and in turn does not affect the initial-final mass relation.
Thus, in this section we only refer to the He normal and He rich
populations, but the results are transposable to the He normal and
He rich populations with CNONa variations (referred as He rich
CNONa models hereafter). From the isochrones available, we can
only take as final mass for stars ending their life as white-dwarf
(WD) the core mass at the start of the thermally-pulsing asymptotic
giant branch. In this case, the final mass is slightly underestimated
(Chantereau et al. 2017), but since we are interested in differen-
tial effects between two model populations treated self-consistently,
this approximation have only a negligible effect on the results.
For an initial helium content of 0.4, Chantereau et al. (2017)
predict an average increase of the final mass of low-mass stars at
low metallicity by ∼10% (with respect to the final mass of He nor-
mal stars). This result is fully consistent with an independent study
from Althaus et al. (2017) using different mass-loss prescriptions,
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Figure 2. Isochrones at Z and 12.6 Gyr for He normal and He rich popula-
tions (black and red respectively). The He rich isochrone has a significantly
hotter horizontal branch as well as a slightly hotter main sequence, red giant
branch and asymptotic giant branch.
even though final masses are very sensitive to these prescriptions
(see Fig. 3). This increase is rather constant as a function of the
metallicity. Thus, since there are no predictions of the final mass of
low mass stars at Z for Yini = 0.4, we assume here an average in-
crease of the final mass of He rich stars of ∼10% for Mini < 2.0 M.
At Z, Karakas (2014) found that 2.0-4.5 M He rich stars have
an average core mass at the first thermal pulse ∼20% higher than
their He normal counterpart. We assume the same increase for the
final mass for stars with Mini between 2 and 5 M. We then use a
linear fit derived by least square fitting of these final masses to de-
termine an initial-final mass relationship for both populations with
Mini between 0.5 and 7.0 M (Fig. 4).
More massive stars end their life as neutron stars (NS) or black
holes (BH, Mini>7.7 and 20 M respectively, Belczynski et al.
2010), however for Yini = 0.4, there are no available initial-final
mass relations. But since these stars contribute only to a minority
of all the mass locked in the cluster’s remnants, it is reasonable
to assume a similar initial-final mass relation for He rich and He
normal stars for Mini > 7.7 M. Note that if we assume that NSs
formed through electron-capture supernovae have the same min-
imum mass for both populations, then the minimum initial mass
needed to form these NSs from He rich progenitors is dramatically
shifted down to ∼ 6.1 M (since the final mass of He rich stars is
greater than its He normal counterparts for a given initial mass).
Thus, the He enhancement will increase the formation rate of NSs
through electron-capture supernovae (assuming an identical IMF),
as pointed out in Shingles et al. (2015).
3.2 Stellar spectra and model atmosphere
We computed stellar model atmospheres using ATLAS12 (Kurucz
1970, 2005) and synthesised stellar spectra using SYNTHE (Ku-
rucz & Furenlid 1979; Kurucz & Avrett 1981). Both of these codes
assume one-dimensional, static and plane parallel atmospheres in
local thermodynamic equilibrium. We used the same versions of
these codes as in Martocchia et al. (2017) and refer the reader there
for further details of our stellar atmosphere calculations. We syn-
thesised the spectra over the 2000 to 10 000 Å wavelength range
MNRAS 000, 1–14 (2018)
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Figure 3. Theoretical predictions from the literature for initial-final mass relations at several metallicities (colour-coded). The relation from Renzini & Ciotti
(1993) represented by a black dashed line is a standard prescription used in stellar population synthesis (e.g., Maraston 1998; Conroy et al. 2009). The GALEV
evolutionary synthesis model (Kotulla et al. 2009) is represented by a continuous black line. The filled areas correspond to differences between He normal and
He rich (Yini = 0.4) predictions.
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Figure 4. Initial-final mass relationship as a function of Mini for He normal
and He rich stars (black and red respectively) at Z and 12.6 Gyr.
at a resolution of R = 200 000 before using a Gaussian kernel to
smooth it to R = 5000 for future analysis.
We calculated the spectral energy distribution for each chem-
ical composition by splitting the mass range between 0.08 M and
the initial stellar mass of the AGB-tip (see e.g. Wachter et al. 2002;
Kamath et al. 2012 for the terminology; 0.967 and 0.735 M for the
Yini = 0.26 and the Yini = 0.4 models respectively) into bins centred
on each of the stellar spectral models. We then summed together the
model stellar spectral energy distributions weighted by the initial
stellar mass in each bin according to a Kroupa (2001) IMF to pro-
duce the model spectral energy distribution for the population. We
also calculated bottom heavy (dwarf star rich) solar composition
models using power-law IMFs with a slope of α = −3.0, α = −2.7
and α = −2.35 (Salpeter 1955). To compare our models with non-
scaled solar chemistry with the effects of age and metallicity, we
also calculated a model with lower metallicity ([Fe/H] = -0.30) as
well as a model with a younger age (8.9 Gyr) at solar composition.
Here we have chosen for the second population stars a Yini
as high as 0.4, to cover the extreme value found in a few Galac-
tic GCs (NGC 2808, ω Cen, NGC 6388, and to a certain extent
NGC 2419, Busso et al. 2007; King et al. 2012; Di Criscienzo et al.
2015; Milone et al. 2015). However ETGs likely possess a range
of He abundances rather than the two extreme values we consider,
thus we have also interpolated from these two values a mixture of
He normal models with 5, 10, 20 and 50% of He rich CNONa mod-
els. We also create a population more representative of the core of
ETGs (see Section 2) made up of ∼ 35% second population stars by
combining our models. We model the He rich population by repre-
senting the 5% fraction of stars with ∆Y > 0.1 with our Y = 0.4
MNRAS 000, 1–14 (2018)
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model (He rich CNONa model). Of the remaining 30% of sec-
ond population stars, we assume that half have extreme chemistry
but solar He (CNONa model), and the other half have intermediate
chemistry which we represent with a 50-50 mix of our solar model
and the CNONa model. Thus, we approximate the expected chem-
istry of the centre of a massive ETG with a mixture that is 5% He
rich CNONa, 22.5% CNONa and 72.5% solar composition.
3.3 Magnitudes and spectral indices
To quantify large scale differences between the spectral energy dis-
tribution of our different models we calculated synthetic photom-
etry by convolving each of the stellar population spectral energy
distributions with the Hubble Space Telescope Wide Field Camera
3 (WFC3) filter curves2. We used the photometric zeropoints pro-
vided by the instrument website 3 to calculate magnitudes in the
Vega system (F225W, F275W, F336W, F438W, F475W, F555W,
F606W, F625W, F775W, F814W, F850LP).
To study how a range of spectral features varies between mod-
els, we also calculated a range of Lick indices (Worthey et al. 1994)
and indices used in IMF studies (e.g., Maraston et al. 2003; Conroy
& van Dokkum 2012a). We calculated indices both sensitive to the
IMF (e.g. Na D, Na 8190 and CaT) and insensitive (e.g., Hβ and
Fe 5270). Before calculating line strength indices, we broadened
our model spectra to a velocity dispersion of 250 km s−1. We then
used the index definitions displayed in Table 2 and the formula pro-
vided in Cenarro et al. (2001) to calculate the index strengths. As
we are only interested in the differences between models, we do not
attempt to place our Lick indices on the Lick system.
3.4 Caveats to the modelling
In our stellar population synthesis models, we did not take into
account variations of Mg and Al initial abundances. This is mo-
tivated by the fact that the Mg-Al anti-correlation is not an ubiq-
uitous chemical feature in GCs (see e.g., Carretta et al. 2009b).
In addition Cassisi et al. (2013) showed that the inclusion of Mg
and Al abundance variations in stellar models and synthetic spec-
tra has only a small effect on bolometric corrections in standard
filters. We also assume the same surface abundances at all stages
of stellar evolution. Thus, we do not consider the effects of several
processes including diffusion, convective mixing and radiative lev-
itation that modify the surface chemistry of a star as it evolves. But
since we are interested here in differences between He normal and
He rich models, it will not largely affect our results under the rough
assumption that these processes have similar effects on both popu-
lations. However this assumption may be violated for the horizontal
branch stars in our He rich models which are at the onset (∼12 000
K) of the effects of radiative levitation (e.g., Behr 2003; Pace et al.
2006). The simple models we present in this study do not account
for blue stragglers, post-AGB stars, and binaries, but their effects
are briefly discussed in Section 7.
Since we are mainly interested in the changes in the spectral
energy distribution due to chemical composition, we are less sensi-
tive to the limitations of calculating synthetic spectra (incomplete
line lists, etc.) that are especially important for cool stars. We only
2 http://www.stsci.edu/hst/wfc3/ins_performance/
throughputs/Throughput_Tables
3 http://www.stsci.edu/hst/wfc3/analysis/uvis_zpts
model stellar photospheres; however chromospheres can play an
important role for some spectral features and the ultraviolet lumi-
nosity in cool stars (Wedemeyer et al. 2017). While the effects of
non-local thermal equilibrium can be significant for some spectra
features (e.g. Asplund 2005; Short et al. 2015), the effects of non-
local thermal equilibrium on the response to abundance changes
are not significant (Conroy et al. 2018). In addition, the solar abun-
dance patterns adopted by the isochrones are slightly different from
the ones we use for our stellar atmosphere calculations. Finally, we
would like to note that stellar atmosphere modelling of cool stars
is less accurate than for stars with higher temperature, which is a
recurrent problem in stellar population synthesis studies. However,
since here we are interested in differences between two populations
with different initial chemical compositions, the effects on the re-
sults are mitigated.
4 MASS-TO-LIGHT RATIO
First, we determine the stellar mass for populations with different
chemical compositions, initial mass functions, and ages. We as-
sume that gas lost during stellar evolution - stellar winds and su-
pernovae ejecta - is expelled from the stellar population. At Z,
12.6 Gyr, and for a normal initial helium content, all the stars with
Mini ≥ 0.967 M are present in the form of remnants whereas for
a higher initial helium content of 0.4 this transition is shifted down
to Mini = 0.735 M. This is due to the well-known fact that He
rich stars have shorter lifetimes than their He normal counterparts
(e.g., Salaris et al. 2006; Pietrinferni et al. 2009; Sbordone et al.
2011; Valcarce et al. 2012; Chantereau et al. 2015; Althaus et al.
2017). The total mass locked in remnants from He rich progenitors
is then higher by ∼41% with respect to the He normal population
(+0.062 M when the initial mass of the population is normalised
to 1 M). The inclusion of the mass-loss during advanced phases
does not significantly change the total mass of stars since there are
only 3% and 3.5% of post-MS stars (in mass) for Yini = 0.26 and
0.4 respectively. Thus, the fact that the mass-loss dependence on
the initial helium content is currently unknown does not affect our
conclusions for the total stellar mass. The total mass of stars still in
the nuclear burning phase of the He rich population is then lower by
∼14% with respect to the He normal population (-0.055 M when
normalised to 1 M), which counterbalanced the mass locked into
remnants. We can then conclude that at 12.6 Gyr and at Z, the
mass of both He normal and He rich populations are very similar.
For a younger He normal population (8.9 Gyr), only stars with
Mini ≤ 1.035 M are still in the nuclear burning phase, which is
relatively close to our old He normal population. Thus, an age dif-
ference of 3.7 Gyr has only a negligible effect on the total mass of
the population. At a lower metallicity of [Fe/H] = −0.3, He normal
stars which are still in the nuclear burning phase have a maximum
initial mass very similar to the He normal case at Z. As shown in
Fig. 3, since the initial-final mass relation does not change between
Z and [Fe/H] = -0.3 (Z = 0.0069), we keep the same relation used
before. Therefore, the total mass of the He normal population is the
same as in the solar metallicity case. Finally we also compute the
mass for a range of bottom heavy IMFs (α = −3.0, −2.7 and −2.35)
at Z and 12.6 Gyr. As the slope of the IMF steepens, a higher frac-
tion of the initial stellar mass is still in nuclear active stars. Thus,
the normalised mass (to 1 M) of the population approaches unity.
Our model spectral energy distributions are displayed in
Fig. 5. The shape of the solar composition bottom heavy IMF
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Figure 5. Model spectral energy distributions. Top panel: Effects of He, CNONa and the IMF. The solar composition, Kroupa IMF model is shown as a black
line, the solar composition, bottom heavy IMF (α = −3.0) model as a red line, the He rich (Yini = 0.4) model as a blue line, the enhanced NNa, depleted CO
model as a yellow line and the HeNNa enhanced, depleted CO model as a green line. The bottom heavy IMF model is significantly fainter than the Kroupa IMF
model but has a similar shaped spectral energy distribution. The He rich models are bluer than the He normal models, especially shortwards of 3000 Å. The
CNONa models are broadly similar to the models with the same He abundances but differ in the strengths of Na and molecular features. Bottom panel: Effects
of age and metallicity. The solar metallicity, 12.6 Gyr model is shown as a black line, the younger 8.9 Gyr model as a cyan line and the subsolar metallicity
([Fe/H] = −0.3) model as a magenta line. Both the metal poor and the younger models are brighter and bluer than the reference model and have weaker metal
lines and molecular bands as well as stronger Balmer lines. Each spectrum has been smoothed to a spectral resolution of R = 200 for the purposes of display
and represents the flux from 1 M of initial stellar mass.
model (α = −3) is almost identical to the solar composition Milky
Way-like IMF one (Kroupa 2001) but the bottom heavy model is
much fainter for the same initial mass. The He rich model is dra-
matically brighter than the He normal model bluewards of 2600
Å, brighter at wavelengths bluer than ∼ 5000 Å, but fainter red-
wards. The CNONa models have similar shaped spectral energy
distributions to solar models (same He abundance) but differ in the
strengths of several spectral features including molecular bands and
strong Na lines. Finally both the metal poor and the younger mod-
els are brighter and bluer than our old, solar metallicity model but
not as bright as the He rich models in the ultraviolet.
Colour-colour plots for our models are displayed in Fig. 6.
Changing from a Milky Way-like IMF to a bottom heavy IMF
has little effect on the colours except (F606W − F814W) which is
slightly redder. As expected from the spectral energy distributions,
enhanced He models have bluer colours compare to models with
solar metallicities. Younger ages and lower metallicities also lead to
bluer colours, but not as blue as the He rich models. CNONa abun-
dances lead to slightly bluer colours except in (F336W − F438W)
which is marginally redder than the solar composition model.
The mass-to-light ratios for our different models are displayed
in table 3, Fig. 7 and 8. Since we have shown that He, CNONa, age
(up to a 3.7 Gyr spread) and metallicity (up to ∆[Fe/H] = -0.3) do
not dramatically affect the total stellar mass, M/L mainly depend
on differences in the light contribution. The He rich population has
a negligible effect on the M/L between V (F606W) and I (F814W)
bands, which does not explain the variations found in the r-band
by Cappellari et al. (2012). We also find that the differences in M/L
between the case where only Yini changes (He rich model) with the
case where all the initial abundances vary (He rich CNONa model)
are negligible, highlighting the fact that as expected He is the main
factor of M/L variations in the different filters. As expected (e.g.,
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Table 1. Stellar population models
Name Helium CNONa [Fe/H] Age IMF
[Gyr]
(1) (2) (3) (4) (5) (6)
He normal / Solar Yini = 0.26 0 % 0.0 12.6 Kroupa
He rich Yini = 0.40 0 % 0.0 12.6 Kroupa
He rich CNONa Yini = 0.40 100 % 0.0 12.6 Kroupa
CNONa Yini = 0.26 100 % 0.0 12.6 Kroupa
Bottom Heavy Yini = 0.26 0 % 0.0 12.6 α = −3.0
α = −2.7 IMF Yini = 0.26 0 % 0.0 12.6 α = −2.7
Salpeter IMF Yini = 0.26 0 % 0.0 12.6 α = −2.35
Younger Yini = 0.26 0 % 0.0 8.9 Kroupa
Metal Poor Yini = 0.26 0 % −0.3 12.6 Kroupa
He rich CNONa 5% 95 % Yini = 0.26 + 5 % Yini = 0.40 5 % 0.0 12.6 Kroupa
He rich CNONa 10% 90 % Yini = 0.26 + 10 % Yini = 0.40 10 % 0.0 12.6 Kroupa
He rich CNONa 20% 80 % Yini = 0.26 + 20 % Yini = 0.40 20 % 0.0 12.6 Kroupa
He rich CNONa 50% 50 % Yini = 0.26 + 50 % Yini = 0.40 50 % 0.0 12.6 Kroupa
ETG mix 95 % Yini = 0.26 + 5 % Yini = 0.40 27.5 % 0.0 12.6 Kroupa
Notes. Column (1): Model name. Column (2): Initial helium mass fraction. Column (3): Percentage of N, Na enhanced, and C, O depleted stars. Column (4):
Metallicity. Column (5): Age in Gyr. Column (6) IMF. Kroupa means a (Kroupa 2001) IMF while α = −3.0, α = −2.7 and α = −2.35 are power-law IMFs
with the given slopes.
Conroy et al. 2009), more bottom heavy IMFs lead to higher M/L
in all bands. The ratio of the M/L of a model with a bottom heavy
IMF to a population with the same chemistry and a Milky Way-
like IMF is largely insensitive of wavelength. Therefore, here we
can safely rule out the He rich population as the source of the M/L
variations in r-band (F625W) in massive ETGs.
Both the younger and the more metal-poor models display
similar behaviour to the He rich population in that their M/L de-
creases with shorter wavelengths. However, unlike a He rich pop-
ulation, the younger and metal poor models show lower M/L with
respect to the old, solar metallicity model in the V-band (F606W)
and redwards. The 5, 10, and 20% models are close to the He nor-
mal case in most of the bands. However, a conservative mixture
such as 95% of He normal stars with 5% of He rich stars still leads
to relatively large differences of M/L in the ultraviolet bands. The
He rich population leads to a near-UV luminosity (in the F225W
filter) ∼20 times higher than for the He normal population and ∼2
times higher if we take only 5% of He rich stars into account. This
is in good agreement with the statement that He rich populations in
ETGs could play an important role in the UV-excess phenomenon
(e.g., Code & Welch 1979; Burstein et al. 1988; Greggio & Ren-
zini 1990; Dorman et al. 1995; Brown et al. 1997; O’Connell 1999;
Brown et al. 2000).
5 SPECTRAL INDICES
We plot the spectral index measurements for our models in Fig. 9
and 10. We note that the strength of a spectral index depends not
just on the spectral feature that dominates the index, but on all
atomic and molecular lines present in both the feature and con-
tinuum passbands. While spectral indices fail to capture all infor-
mation available in the spectral energy distribution - they ignore
the shape of the spectral feature being measured - they do provide
insights into the effects of varying various stellar population param-
eters (Conroy & van Dokkum 2012a).
Our models confirm previous work on the effects of age,
metallicity and the IMF on spectral indices. In line with previous
work (e.g., Worthey 1994; Thomas et al. 2003; Bruzual & Char-
lot 2003; Schiavon 2007), young populations and more metal poor
populations generally have weaker metal lines and stronger hydro-
gen Balmer lines with age having a stronger effect on the hydro-
gen lines and metallicity having a stronger effect on the metal lines
and molecular bands. The effects of a bottom heavy IMF on our
modelled spectral indices are also broadly consistent with previous
work (e.g. Conroy & van Dokkum 2012a; La Barbera et al. 2013)
with spectra features strong at low surface gravities, such as the
CaT, are weaker in the bottom heavy models and spectral features
stronger at high surface gravities, such as the Na doublets at 5890
and 8190 Å, are stronger. As has been previously shown, the IMF
generally has little effect on spectral features in the blue portion of
the optical wavelength range although some molecular bands such
as the MgH band at 5100 Å (which affects both the Mg1 and Mgb
indices) do show an IMF dependence.
The effect of He enhancement on Lick indices has also been
considered in previous work (e.g., Schiavon et al. 2004; Chung
et al. 2013, 2017). As in previous studies we see significantly
stronger Balmer lines in the He rich models. Enhanced He also
leads to weaker metal lines, particularly at shorter wavelengths. An
exception to this trend is the CaT where the presence of the Pa 13,
Pa 15 and Pa 16 hydrogen Paschen lines overlap in wavelength with
the three CaT lines. The enhanced He abundance leads to stronger
Paschen absorption which causes a stronger CaT index strength al-
though the strength of the CaT lines themselves is barely affected
by the He enhancement.
These changes in line strength with He are mostly due to the
effects of He on the horizontal branch as the main sequence and gi-
ant branches of the He rich model are only ∼ 200 K hotter than the
solar composition model while the horizontal branch of the He rich
model is 7600 K hotter than the red clump of the solar He model
(12300 K versus 4700 K). We note the morphology of the horizon-
tal branch is dependent on a host of factors besides He abundance
including age and metallicity as well as the amount of mass loss
on the RGB. Thus, the effect of enhanced He varies with age and
metallicity (e.g. Chung et al. 2017). We note that a population with
a hotter horizontal branch would likely have weaker H lines than
our He rich model due to the increased ionisation of H with in-
creasing temperature. While to first order the effects of increased
He mimic the effects of younger ages, more detailed comparisons
do revel differences (Schiavon et al. 2004; Schiavon 2007).
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Table 2. Spectroscopic Index definitions
Index Feature Continuum Notes
[Å] [Å]
(1) (2) (3) (4)
Ca HK 3898.4 - 4002.4 3805.4 - 3832.7 S05
4019.6 - 4051.3
Hδ 4083.5 - 4122.3 4041.6 - 4079.8 Lick
4128.5 - 4161.0
CN1 4142.1 - 4177.1 4080.1 - 4117.6 Lick
4244.1 - 4284.1
CH 4300 4281.4 - 4316.4 4266.4 - 4282.6 Lick
4318.9 - 4335.1
Fe 4383 4369.1 - 4420.4 4359.1 - 4370.4 Lick
4442.9 - 4455.4
Hβ 4847.9 - 4876.6 4827.9 - 4847.9 Lick
4876.6 - 4891.6
Mg1 5069.1 - 5134.1 4895.1 - 4957.6 Lick
5301.1 - 5366.1
Mgb 5160.1 - 5192.6 5142.6 - 5161.4 Lick
5191.4 - 5206.4
Fe 5270 5245.7 - 5285.7 5233.2 - 5248.2 Lick
5285.7 - 5318.2
Na D 5876.9 - 5909.4 5860.6 - 5875.6 Lick
5922.1 - 5948.1
TiO1 5936.6 - 5994.1 5816.6 - 5849.1 Lick
6038.6 - 6103.6
Na 8190 8174.7 - 8202.7 8167.7 - 8174.7 C12
8202.7 - 8212.7
CaT 8484.0 - 8513.0 8474.0 - 8484.0 C01
8522.0 - 8562.0 8563.0 - 8577.0
8642.0 - 8682.0 8619.0 - 8642.0
8700.0 - 8725.0
8776.0 - 8792.0
PaT 8461.0 - 8474.0 8474.0 - 8484.0 C01
8577.0 - 8619.0 8563.0 - 8577.0
8730.0 - 8772.0 8619.0 - 8642.0
8700.0 - 8725.0
8776.0 - 8792.0
TiO 8860 8832.6 - 8852.6 C12
8867.6 - 8887.6
Notes: Column (1): Index name. Column (2): Feature passband(s). Column
(3): Continuum passbands. Column (4): C01: Cenarro et al. (2001), C12:
Conroy & van Dokkum (2012a), Lick: Lick index (Worthey et al. 1994;
Worthey & Ottaviani 1997) S05: Serven et al. (2005). The TiO 8860 in-
dex was defined by Conroy & van Dokkum (2012a) as the ratio of fluxes
between blue and red passbands.
Unsurprisingly, the Na D and Na 8190 indices are significantly
stronger in CNONa models. Since N is the minority species, the
CN1 index is significantly stronger in the CNONa models while
the C dominated CH 4300 index is weaker. Although the strength
of TiO bands is mainly set by the Ti abundance, the lower O abun-
dance in the CNONa models leads to weaker TiO1 and TiO 8860
bands. We note the conversion of Ne into Na in the CNONa models
has an important second order effect on many spectral features by
raising the electron pressure as Na has a relatively low (5.1 eV) ion-
isation potential while Ne has a relatively high (21.6 eV) ionisation
potential (Conroy & van Dokkum 2012a). Changes in the abun-
dances of the CNO elements also play a secondary role in affect-
ing index strengths by changing the strengths of molecular bands
in both the feature passbands and in the continuum passbands. An
example of both these effects is the impact of NNa enhancement
and CO depletion on the CaT index. The higher electron pressure
caused by the enhanced Na abundance lowers the abundance of
singly ionised Ca. This lowers the strength of the CaT lines them-
selves while the lower O reduces the strength of the TiO bands in
the region of the CaT and the increased N increases the strengths of
the CN bands in the same region. Combined, these effects reduce
the measured CaT strength.
To first order, the behaviour of the He rich CNONa model
is the superposition of the separate effects of He and of NNa en-
hancement with CO depletion. The models that are mixtures of the
He rich CNONa model and the solar composition model are inter-
mediate to the two model base models in rough proportion to the
fraction of each model.
In the top panel of Figure 11 we show both the hydrogen Hβ
index and the iron Fe 5270 for our models which together have
been commonly used to measure galaxy ages. Going from the solar
composition, Kroupa IMF to a bottom heavy IMF model with the
same chemistry has little effect on these indices. However, going
from a solar composition model to the He rich model leads to a
large increase in Hβ and a decrease in Fe 5270 in a similar man-
ner to a younger age. The He rich CNONa model shows the same
behaviour.
In the bottom panel of Figure 11 we show both the IMF sen-
sitive Na 8190 and CaT indices. While a bottom heavy IMF causes
stronger Na 8190 and weaker CaT strengths, an increase in He leads
to a stronger CaT index but almost no change in the Na 8190 in-
dex. However, the He rich CNONa models show much stronger
Na 8190 indices and little change in the CaT strength. In Figure
10, both the Mg indices and the TiO indices are stronger in the
bottom heavy IMF models but weaker in the He rich or CNONa
models. Taken together these plots show that increased He can not
explain the spectral feature evidence for a bottom heavy IMF. A
He rich population instead mimics the spectrum of a younger pop-
ulation. While a enhanced NNa and depleted CO population can
mimic some of the effects of a bottom heavy IMF (i.e. enhanced
Na indices), it can not reproduce other indices (Mg indices, TiO
bands).
6 EARLY-TYPE GALAXY MIXTURE
Unsurprisingly, the ETG mixture behaves similarly to the He rich
models and the CNONa models. While the shape of the spectral
energy distribution of ETG mixture model is similar to CNONa
model redwards ∼ 4000 Å, bluewards of ∼ 4000 Å the shape of
the spectral energy distribution is similar to the He rich CNONa
model. This is most noticeable bluewards of 2500 Å where the flux
of the ETG mixture model is over 3 times higher than the solar
composition model. The M/L of the ETG mixture model is similar
to the 5% He rich CNONa model as are the colours of the ETG
mixture model. The increased He in our ETG mixture model leads
to slightly stronger H indices in agreement with the other He rich
models (Fig. 9). Like the CNONa model, the CH, Mg, Ca, TiO and
Fe indices are weaker than the solar model while the CN and Na
indices are stronger. In the Hβ-Fe 5270 plane (Fig. 11), the ETG
mixture model follows the trend of the younger model rather than
the bottom heavy IMF model. Thus ETG mixture model appears
similar to the He rich models in this plane.
However, in the Na 8190-CaT plane (Fig. 11), the ETG mix-
ture behaves similar to the CNONa model and mimics the appear-
ance of the bottom heavy IMF model. While observations solely of
the Na 8190 doublet and the CaT of the ETG mixture model would
suggest a bottom heavy IMF, observations that cover a wider range
of spectral features such as the Mg indices and the TiO bands would
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Models Mass F225W F336W (U/u) F438W (B) F475W (g) F555W (V) F625W (r) F775W (i) F814W (I) F850LP (z)
Solar 0.568 17.73 9.88 6.50 5.36 4.67 3.98 3.07 2.89 2.45
He rich 0.560 0.86 6.02 5.12 4.80 4.54 4.17 3.39 3.22 2.78
He rich
0.560 0.86 5.93 4.96 4.66 4.45 4.12 3.43 3.27 2.85
CNONa
CNONa 0.568 16.12 9.48 6.20 5.16 4.55 3.92 3.11 2.94 2.51
Bottom
0.944 72.93 40.56 26.68 22.06 19.19 16.32 12.43 11.67 9.82
Heavy
Younger 0.575 10.48 6.98 4.81 4.02 3.53 3.04 2.35 2.21 1.86
Metal Poor 0.568 4.59 5.13 4.15 3.62 3.27 2.90 2.37 2.27 2.00
He rich
0.567 9.01 9.56 6.40 5.32 4.66 3.99 3.09 2.91 2.47
CNONa 5%
He rich
0.567 6.03 9.27 6.31 5.28 4.65 3.99 3.11 2.93 2.49
CNONa 10%
He rich
0.566 3.63 8.73 6.12 5.21 4.62 4.01 3.14 2.96 2.52
CNONa 20%
He rich
0.564 1.65 7.43 5.63 4.99 4.56 4.05 3.24 3.07 2.63
CNONa 50%
Table 3. Mass locked in the remnants and the stars (normalized to 1 M) and M/L in different WFC3 filters while the closest filters in the SDSS and Johnson-
Cousins systems are displayed in brackets.
not support such an interpretation. Thus to disentangle chemical ef-
fects from IMF effects, we encourage the use of stellar population
synthesis models such as Conroy & van Dokkum (2012a) that al-
low for the abundances of a wide range of elements to be varied
and for observations that cover a wide wavelength range.
In our toy model, the CO depleted, NNa enhanced stars change
the mass weighted mean abundances of the population from solar
to [C/Fe] = [O/Fe] = −0.17 and [N/Fe] = [Na/Fe] = +0.28. These
changes are comparable to the abundance differences between the
centre and one effective radii observed in massive ETGs by van
Dokkum et al. (2017), suggesting that disrupted GCs can play im-
portant role in determining the mean abundances of the central re-
gions of ETGs.
Disrupted GCs could also play a role in the origin of the UV-
upturn. Several authors (e.g. Dorman et al. 1995; Yi et al. 1997;
Peng & Nagai 2009) have proposed He rich stars as the origin of
the UV-upturn and GCs provide a source of such He enhanced stars.
The 5 % of He enhanced stars in our ETG toy model is sufficient
to raise the near-UV F225W luminosity by a factor of 2. Hotter
horizontal branch stars than those in our models (∼ 12 000 K), for
example from lower metallicity but still highly He enriched popula-
tions, produce even brighter far-UV and near-UV luminosities. We
note that massive ETGs show broad GC metallicity distributions
(e.g. Peng et al. 2006; Usher et al. 2012) and that such galaxies
contain GCs with bright UV luminosities (e.g. Sohn et al. 2006;
Rey et al. 2009; Bellini et al. 2015). Thus, disrupted GCs provide
a plausible source for the UV bright stars responsible for the UV-
upturn.
7 DISCUSSION
In this section, we briefly discuss the assumptions of our models
and the perspectives.
We have assumed that ETGs are single age and single metal-
licity. For a fixed mean age, extended star formation histories lead
to bluer colours as younger populations are both bluer and brighter
than older populations. While ETGs do display a spread in ages,
studies of their star formation histories show that the most mas-
sive ETGs have at least 90% of their mass in place by 10 Gyr ago
(redshift of z ∼ 2, e.g., Heavens et al. 2004; Panter et al. 2007; Mc-
Dermid et al. 2015). The broad metallicity distribution present in
ETGs (e.g., Harris & Harris 2002; Bird et al. 2010) leads to bluer
colours in the ultraviolet than a narrow distribution with the same
peak metallicity as lower metallicity populations are both brighter
and bluer (Conroy et al. 2009; Tang et al. 2014).
The isochrones we use are not fully self-consistent since we
use different database for different stages of stellar evolution. This
is to due the lack of stellar evolution models with enhanced helium
that both extend to low stellar masses (∼ 0.1 M) and fully cover
post RGB evolution.
The models we present in this study do not account for blue
stragglers (BSs), post-AGB stars, and binaries. BSs dominate the
energy contribution in ultraviolet in our old and metal rich models
without blue horizontal branch (HB) for a He normal population. If
one compares to the blue HB formed from He rich stars (Fig. 2), it is
expected that the low number of BSs usually present in GCs (Piotto
et al. 2004) would lead only to a small contribution in the ultravio-
let band. Thus, it is important to keep in mind that BSs will change
the properties of our He normal population in the ultraviolet band.
Post-AGB stars dominate the energy contribution only in the far-
UV (. 2000 Å, Chung et al. 2017) at the ages and metallicities in-
vestigated in this paper. Finally Hernández-Pérez & Bruzual (2014)
showed that interacting binaries might form extreme HB stars and
in turn lead to strong emissions in the ultraviolet band, providing
an alternative solution to explain the UV-upturn phenomenon in
ETGs. The binary fraction required then is at least 15%, which is
relatively similar to what is found in low-metallicity Galactic GCs
(see Milone et al. 2012). Thus, BSs and post-AGB stars do not af-
fect the conclusions of our study. However it would be interesting
to include binaries in future studies and to couple them with He
rich models in order to be more consistent when studying the UV
contribution.
As we have shown in this study, the He rich population has
a non-negligible effect on mass of the stars still in the nuclear ac-
tive phase but also the remnants when considered separately (for
the extreme case Yini = 0.4). However the effect becomes negligi-
ble when one looks at the total mass of the population. Thus, in
studies where the mass of remnants or stars plays a crucial role,
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it is more consistent to take into account suitable initial-final mass
relations and mass cut-off (minimum Mini for remnants) for the He
rich population. In addition, for this extreme He content, it would
be interesting to know for stars which do not end their life as WDs
if their final masses and mass boundaries change. For instance, as
shown in this study and pointed out in Shingles et al. (2015), the
He enhancement will increase the formation rate of NSs through
electron-capture supernovae.
We have shown that from the theoretical point of view, the
optical M/L of both He rich and He normal populations is similar.
Then to observationally highlight the presence of a He rich popu-
lation at work in ETGs through M/L, it is mandatory to focus on
shorter wavelengths. The effects of the He rich population is al-
ready seen at ∼4000 Å and ∼2600 Å (if we compare to populations
with Yini = 0.4 and the ETG mixture respectively). Note that we
have to be careful since a He rich population mimic the M/L of a
He normal population at lower metallicity and/or younger age in U
bands.
8 CONCLUSION
Massive ETGs display radial abundance gradients which do not
correspond to standard chemical predictions and M/L variations
which might be explained so far only with a debated change in
the stellar IMF. Since multiple stellar populations of globular clus-
ters display similar chemical trends and are expected to lead to M/L
variations, we investigate in this paper if these multiple stellar pop-
ulations could be the source of these patterns observed in their host
galaxies.
We use a toy model to estimate the contribution of disrupted
GCs to the centres of massive ETGs. We find that ∼ 35% of stars
in a massive ETG should show the N, Na enhanced, C, O depleted
chemistry of second population GC stars. This contribution of GC
stars can explain the Na enriched, O and C depleted abundance
pattern seen in the centres of massive ETGs (van Dokkum et al.
2017). We also estimate that ∼ 5% of stars should show extreme
He enhancement (∆Y > 0.1).
We have constructed single stellar population models with a
range of He abundances, chemistries and IMFs. For each of our
model of spectral energy distribution we calculate synthetic magni-
tudes and spectral indices. We consider the effects of helium abun-
dance on stellar final masses allowing us to study the effects of
helium on the mass-to-light ratio.
We find that the lower mass in nuclear burning stars in a He
rich population is largely offset by the higher total mass locked into
the remnants. As such, the lower M/L of a He rich population is
due to its higher luminosity. Since changes in abundance pattern
at fixed C+N+O have little effect on stellar evolution and since
differences in the abundance pattern have little effect on broadband
magnitudes, the N, Na enhanced, C, O depleted models have quite
similar M/L ratios to models with the same He abundance.
Both the colours and the spectral indices of He rich popula-
tions resemble a younger population rather than a bottom heavy
IMF. However, a N, Na enhanced, C, O depleted population can
mimic the effects of a bottom heavy IMF on some IMF spectral
indices (Na D, Na 8190, CaT) but not others (such as TiO bands).
We also find that the small contribution of He rich stars of
our toy model (stars with ∆Y > 0.1) has little effect on the spectral
spectral energy distribution redwards of 4000 Å but is enough to
dramatically change the flux bluewards of 2600 Å contributing to
the UV-upturn phenomenon.
We conclude that He enhancement cannot mimic the obser-
vational signatures of a bottom heavy IMF as a He rich popula-
tion resembles as younger population instead. However, we find
disrupted GCs can supply a significant number of He, N and Na
enhanced, C and O depleted stars to the field star population of
massive ETGs. These stars can at least partially explain the UV-
excess and the chemistry of the centres of massive ETGs. A similar
conclusion was recently reached by Goudfrooij (2018) who stud-
ied the correlation between the UV-upturn strength and the specific
frequency (the number of GCs per unit galaxy light) in early-type
galaxies.
More detailed stellar population modelling is required to com-
pare the predictions of this work with the observed spectra of the
centres of massive ETGs. In a future work (Schiavon et al. in prepa-
ration) we will quantitatively explore the abundance gradients in
ETGs and match them to the variations observed in globular clus-
ters due to multiple populations.
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APPENDIX A: A COMPARISON WITH THE CONROY &
VAN DOKKUM (2012) MODELS
To assess the reliability of our stellar population models, we com-
pared the colours, spectral indices and M/L predicted by our mod-
els with those of Conroy & van Dokkum (2012a). We downloaded
version 1.2 of the Conroy & van Dokkum spectral energy distribu-
tions and after smoothing them to match the velocity dispersion of
our models, we performed the same magnitude and spectral index
measurements as we did for our models (Section 3.3). To calculate
mass-to-light ratios for the Conroy models we used their initial-to-
final mass relations. We are able to make a comparison with equiv-
alent models for our base solar composition, Milky Way-like IMF
model, our bottom heavy IMF (α = −3) model, our Salpeter IMF
model and our young model. We can not compare our lower metal-
licity model with the Conroy models as only models where a single
element is varied are publicly available. Likewise, we cannot di-
rectly compare our CNONa models to any of the Conroy models
with variations of a single element due to the complex interdepen-
dence of the abundance of different atomic and molecular species
on each other. However, a visual comparison of our Figures 9 and
10 with the figures in Conroy & van Dokkum (2012a) do generally
show qualitative agreement for the effects of changing the dom-
inant element of an index. We note that we vary the abundances
of each of C, N, O and Na by larger amounts than do Conroy &
van Dokkum (2012a) and that the effects of [N/Fe] dominates the
effects of [C/Fe] on the CN1 index.
We plot a comparison of the colours predicted by the two sets
of models in Figure A1, a comparison of a subset of the spectral
indices in Figure A2 and a comparison of the predicted M/L in
Figure A3. While we see do zeropoint offsets between our mod-
els and those of Conroy & van Dokkum (2012a), we generally see
similar qualitative behaviour with age and the IMF for both sets of
models. Both sets of models predict bluer colours for younger ages
although there are differences in the size of the colour effect for
the redder colours. While both sets of models predict little effect of
the IMF on the bluer colours, the Conroy & van Dokkum (2012a)
models predict a much larger effect of a bottom heavy IMF on red-
der colours in the bottom of Figure A1. In Hβ-Fe 5270 space, both
sets of models display similar behaviour with age (stronger Hβ,
weaker Fe 5270 indices) and with a bottom heavy IMF (little effect
on either Hβ or Fe 5270). In Na 8190-CaT space both models pre-
dict stronger Na 8190 indices and weaker CaT indices for a bottom
heavy IMF compared to a Kroupa IMF although the Conroy & van
Dokkum (2012a) models predict a much larger effect. Both models
predict weaker Na 8190 indices at younger ages, but the Conroy
& van Dokkum (2012a) models predict a slightly weaker CaT at
younger ages while our models predict no effect of age on the CaT.
Modulo a 0.1 dex offset between our models and the Conroy mod-
els, we see excellent agreement in the M/L predictions.
The differences between our models and those of Conroy &
van Dokkum (2012a) are not surprising given that we use synthetic
spectra where the Conroy models use empirical spectral libraries
supplemented by synthetic spectra. Differences in the sizes of the
effect of changing IMF between the two sets of models are likely
due to lower mass stars. The lowest mass stellar model we com-
pute is a 3200 K 0.12 M star - the lowest mass point in the Dotter
et al. (2007) isochrones - while the Conroy models include empiri-
cal spectra of stars as cool as 2200 K and as low mass as 0.08 M.
Although both sets of models are based on similar isochrones for
stars more massive than 0.17 M (Dotter et al. 2007 isochrones for
the MS and RGB; Padova isochrones Marigo et al. 2008; Bertelli
et al. 2008 for the post RGB evolution), the Conroy models utilize
the Lyon isochrones (Chabrier & Baraffe 1997; Baraffe et al. 1998)
for the lowest mass stars. As our models are intended to allow us
to explore the differential effects of various abundance patterns and
IMF and not to replicate observations, we consider the similar qual-
itative behaviour of our models to those of Conroy & van Dokkum
(2012a) to be sufficient for our purposes.
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APPENDIX B: A COMPARISON WITH THE METAL
RICH GLOBULAR CLUSTERS NGC 6528 AND NGC 6553
To test our models we compared our predicted indices with those
measured on the observed spectra of the metal rich Milky Way GCs
NGC 6528 and NGC 6553. Both NGC 6528 and NGC 6553 are old
(11 to 13 Gyr, e.g. Zoccali et al. 2001; Lagioia et al. 2014) and have
slightly subsolar metallicities ([Fe/H] = −0.11 and −0.18 respec-
tively, 2010 edition of the Harris 1996 catalogue). These GCs show
slight α-element enhancements and the light element abundance
anti-correlations characteristic of multiple populations in GCs (e.g.
Carretta et al. 2001; Zoccali et al. 2004; Johnson et al. 2014; Schi-
avon et al. 2017b). We use publicly available spectra from the
WAGGS project (Usher et al. 2017) which cover the wavelength
range of 3300 to 9050 Å at a resolution of R ∼ 6800. As was done
for the Conroy & van Dokkum models, we smoothed the observed
spectra to match the velocity dispersion of our models and we per-
formed the same spectral index measurements as we did for our
models (Section 3.3).
We plot a comparison of our model predictions with the in-
dices measured on the observed spectra of NGC 6528 and NGC
6553 in Figures B1 and B2. Given the similar ages, metallicities and
chemistries of the two observed GCs, the differences in measured
indices provides a rough measure of the uncertainty of the index
measurements. For the Balmer indices and the Fe indices, the ob-
servations lie close to our metal poor model ([Fe/H]=−0.3) which
is unsurprising given their slightly subsolar [Fe/H] abundances.
The observed Mg indices are slightly weaker than our base solar
metallicity model which is consistent with the GCs being having
a subsolar [Fe/H] but slightly supersolar [Mg/Fe]. Given the large
observational uncertainties on the Ca H and K lines, our models
are broadly consistent with near solar [Ca/H] GCs. The observed
CH 4300 bands are weaker than our solar metallicity model but
the CN1 bands are stronger than the model. This is consistent with
both the C-N anti-correlation observed in these GCs and the effects
of the first dredge-up which are not included in our models. Our C
depleted, N enhanced models predict the observed CN1 strengths
but under predicts the CH 4300 abundances. Likewise, we mea-
sure stronger Na D strengths than predicted by our solar abundance
model but are consistent with enhanced [Na/Fe] ratios. We note that
interstellar Na D absorption can increase the observed Na D, espe-
cially for GCs with significant foreground extinction such as NGC
6528 and NGC 6553.
Perhaps unsurprisingly, our models do not predict the ob-
served TiO band strengths with the spectra of the two GCs show-
ing wildly different TiO strengths. Observationally, the TiO band
strengths are the spectral features most effected by stochastic ef-
fects as they are mostly produced by the brightest, coolest giants
van Dokkum & Conroy (2014); Usher et al. (2017). Our spectral
synthesis is least reliable for such cool, low surface gravity stars.
The strong TiO bands affect a number of the spectral features we
consider in the red. The red continuum passband for the Na 8190
index overlaps with a TiO bandhead, so the stronger observed TiO
absorption leads to a weaker Na 8190 strength. The wavelength re-
gion covered by the CaT and PaT indices is also affected by TiO
bands with stronger TiO bands weakly lowering the observe CaT
strength but strongly lowering the PaT strength. Due to the sensi-
tivity of some of the indices on TiO, we do include these bands in
our comparison.
Given the statistical and systematic uncertainties in both the
observed spectra and in the literature metallicities and abundances,
and the limitations of our modelling, we consider our models to
be in agreement with observations. We remind the reader that our
models were designed to allow us to study the differential effects
of various chemical mixtures and IMFs and were not intended to
replicate observations in detail.
This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure 6. Colour-colour plots for our models in the HST WFC3 pass-
bands. The solid black square is the solar composition model, the red star
is the bottom heavy IMF model (α = −3.0), the blue hexagon is the He
rich model, the yellow diamond is the CNONa abundance pattern model
([C/Fe] = [O/Fe] = −0.6, [N/Fe] = +1.0, [Ne/Fe] = −0.07, [Na/Fe] = +1.0),
the green circle is the He rich CNONa pattern, the cyan upwards triangle is
the younger model (8.9 Gyr) and the magenta downwards pointing triangle
is the metal poor model ([Fe/H] = −0.3). The small green circles repre-
sent mixtures of the solar composition model with 5, 10, 20 or 50% of the
He rich CNONa abundance pattern. The small red stars between the solar
composition, Kroupa IMF model and the bottom heavy IMF model are the
Salpeter (α = −2.35) and α = −2.7 IMF models respectively. The hollow
blue circle represents our ETG mixture model (22.5% CNONa model, 5%
He rich CNONa model, 72.5% solar model). He rich models are bluer than
solar He models across all colours as are the younger model and the metal
poor model. The bottom heavy IMF model has similar colours to the Milky
Way-like IMF solar composition model except in (F606W − F814W) where
it is slightly redder. The CNONa model shows slightly bluer colours with
respect to the solar composition model except in (F336W − F438W) where
the CNONa model is slightly redder. We note that the F336W, F438W,
F606W and F814W WFC3 filters approximate the UBVI Johnson-Cousins
filters.
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Figure 7. Mass-to-light ratio as a function of wavelength. M/L for the solar composition, Milky Way-like IMF model (black), the bottom heavy IMF model
(red), the CNONa model (yellow); the He rich CNONa model (green), the younger (8.9 Gyr) model (cyan), the metal poor ([Fe/H] = −0.3) model (magenta),
and finally the ETG mixture model (blue). The He rich solar model (not displayed here) is largely similar to the He rich CNONa model. The bottom heavy
IMF (α = −3.0) has a higher M/L with respect to the Milky Way IMF model with a similar ratio (∼ 4) between the two models at all wavelengths. The He rich
CNONa model has a significantly lower M/L at the bluest wavelengths than the solar model but slightly higher M/L at the reddest wavelengths. Increasing N
and Na while decreasing C and O has little effect on the M/L at either solar or high He. Both the younger and the metal poor models show lower M/L with
respect to the old, solar metallicity model at all wavelengths but show relatively lower M/L values in the bluer bands.
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Figure 8. Mass-to-light ratio as a function of wavelength. The M/L for the solar composition model is plotted in black, for the He rich CNONa model in green
and for the various mixtures of the He rich CNONa model and the solar model as lighter shades of green. Unsurprisingly, the mixture models are intermediate
to the two base models. The M/L for the ETG mixture model is plotted in blue.
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Figure 9. Line index strengths. The symbol shapes and colours are as in Figure 6. Top left: Strength of the Hδ line index versus the strength of the Hβ line
index. Top right: Strength of PaT Paschen line index versus the strength of the Hβ line index. While the IMF has practically no effect on the strength of these
H absorption lines, He abundance has a dramatic effect with a He rich population mimicking a significantly younger population. The CNONa model displays
slightly weaker H lines with respect to the solar composition model. Bottom left: Strength of the CH 4300 molecular index versus the strength of the CN1
molecular index. While the IMF has virtually no effect on the strengths of the molecular bands, a He rich population has weaker CH and CN bands. The C
poor and N rich second population abundance pattern models unsurprisingly display weaker CH bands and stronger CN bands. Bottom right: Effects of He
abundance on the Na D and Na 8190 line indices. While a bottom heavy IMF leads to stronger Na D and and Na 8190 absorption, enhanced He leads to
weaker Na D lines but slightly stronger Na 8190 absorption. However, the effects of the IMF or He abundance on these Na indices are swamped by the effects
of higher Na abundances in the second population abundance pattern models.
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Figure 10. Line index strengths. The symbol shapes and colours are as in Figure 6. Top left: Mg1 MgH molecular band strength versus Mgb line index.
While the bottom heavy IMF displays stronger Mg1 and Mgb strengths, the He rich model shows weaker Mg1, Mgb. The CNONa mixture leads to weaker
Mg index strengths. Top right: Strength of the Ca H and K lines versus the strength of the calcium triplet (CaT). While the bottom heavy IMF model shows
weaker CaT strength, similar H and K strengths with respect to the solar composition, Kroupa IMF model, the He rich model shows significantly weaker H
and K absorption and stronger CaT absorption. The stronger CaT index strengths in the He rich model are due to contamination by the stronger Paschen line
absorption in the He rich model (see Figure 9). The CNONa mixture leads to weaker Ca index strengths. Bottom left: Effects of He abundance on the TiO1
and TiO 8860 TiO molecular indices. Whereas the bottom heavy IMF model shows stronger TiO1 and marginally stronger TiO 8860 band strengths, the He
rich model shows weaker TiO 8860 absorption and no change in the TiO1 index. The low O abundance second population abundance pattern models show
weaker TiO band strengths with respect to the models with solar [O/Fe]. Bottom right: Effects of He on the Fe 4383 and Fe 5270 indices. While the IMF has
little effect on the strength of these Fe absorption indices, increased He abundance produces weaker index strengths as does the CNONa mixture. The effect of
enhanced He instead resembles the effects of a younger age.
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Figure 11. Line index strengths. The symbol shapes and colours are as
in Figure 6. Top: Strength of Hβ versus the Fe 5270 spectral index. The
He rich models have significantly stronger Hβ and weaker Fe 5270 index
strengths with respect to the solar composition model making them appear
like a younger population rather than a bottom heavy IMF which shows
marginally stronger Fe 5270 strength. The CNONa model has weaker Hβ
and Fe 5270 indices. Bottom: Strength of the Na 8190 index versus the CaT
spectral index. The He rich solar model has stronger CaT values due to
stronger Paschen lines while the CNONa model has stronger Na 8190 and
weaker CaT strengths mimicking a bottom heavy IMF.
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Figure A1. Comparison of the predicted colours for our models (solid
points) with the predictions of the models of Conroy & van Dokkum
(2012a) (open points). As in Figure 6, the black squares are models with
solar abundances and a Milky Way like IMF, the red stars are solar composi-
tion models with bottom heavy IMFs and the cyan triangles are the younger
(8.9 Gyr) models. While the colours plotted are the same as in Figure 6, the
axes ranges are different. Although the colours of the Conroy models are
bluer in the bluer bands (top) and redder in the redder bands (bottom) than
our models, the effects of a younger age or a bottom heavy IMF are broadly
similar for both models although a bottom heavy IMF has a much larger
effect on the (F606W - F814W) colour of the Conroy models than for our
models.
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Figure A2. Comparison of the predicted spectral indices for our models
(solid points) with the predictions of the models of Conroy & van Dokkum
(2012a) (open points). The colours and shapes of the points are the same
as in Figure A1. While the colours plotted are the same as in Figure 11,
the axes ranges are different. While there are differences in index values be-
tween our models and the Conroy models, both sets of models show similar
behaviour although the Conroy models show larger IMF effects.
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Figure A3. Comparison of the predicted M/L for our models (solid lines)
with the predictions of the models of Conroy & van Dokkum (2012a)
(dashed lines). The colours of the lines are the same as in Figure A1. Other
than a 0.1 dex offset, there is good agreement between the two sets of mod-
els.
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Figure B1. Comparison of model line index strengths with observations. The model symbol shapes and colours are as in Figure 6 while the GCs NGC 6528
and NGC 6553 are represented by a black plus and x markers respectively. Top left: Strength of the Hδ line index versus the strength of the Hβ line index. Top
right: Strength of PaT Paschen line index versus the strength of the Hβ line index. Bottom left: Strength of the CH 4300 molecular index versus the strength
of the CN1 molecular index. Bottom right: the Na D and Na 8190 line indices. The Balmer indices are consistent with the subsolar [Fe/H] observed GCs. The
observed C dominated CH 4300 index is weaker and the N dominated CN1 index is stronger than our solar abundance models but are broadly consistent with
the C depleted, N enhanced model. The stronger Na D indices than our solar model are consistent with both GCs being Na enhanced. Both the PaT and the Na
8190 indices are affected by TiO bands and the weak observed indices are likely due to the effects of strong TiO absorption on their continuum passbands.
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Figure B2. Comparison of model line index strengths with observations. The symbol shapes and colours are as in Figure 6. Top left: Mg1 MgH molecular band
strength versus Mgb line index. Top right: Strength of the Ca H and K lines versus the strength of the calcium triplet (CaT). Bottom left: The TiO1 and TiO
8860 TiO molecular indices. Bottom right: The Fe 4383 and Fe 5270 indices. The Mg and Fe indices are all consistent with the subsolar [Fe/H] and slightly
supersolar [Mg/Fe] observed GCs. Given the large observational uncertainty on the Ca H & K lines, the models are consistent with the observations of the
near solar [Ca/H] GCs. The models do not predict the observed TiO bands nor do the TiO band strengths of the two GCs agree with one another. The strong
observed TiO bands weaken the observed CaT strengths.
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